Antibodies targeting Ab42 are under intense scrutiny because of their therapeutic potential for Alzheimer's disease. To enable systematic searches, we present an "antibody scanning" strategy for the generation of a panel of antibodies against Ab42. Each antibody in the panel is rationally designed to target a specific linear epitope, with the selected epitopes scanning the Ab42 sequence. By screening in vitro the panel to identify the specific microscopic steps in the Ab42 aggregation process influenced by each antibody, we identify two antibodies that target specifically the primary and the secondary nucleation steps, which are key for the production of Ab42 oligomers. These two antibodies act, respectively, to delay the onset of aggregation and to block the proliferation of aggregates, and correspondingly reduce the toxicity in a Caenorhabditis elegans model overexpressing Ab42. These results illustrate how the antibody scanning method described here can be used to readily obtain very small antibody libraries with extensive coverage of the sequences of target proteins.
INTRODUCTION
The aggregation of the 42-residue form of the amyloid-b peptide (Ab42) into amyloid fibrils is a key molecular process underlying Alzheimer's disease (AD) (1) (2) (3) (4) (5) . Therefore inhibition of the aggregation process of Ab42 has been among the major therapeutic strategies directed against AD (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) . Nevertheless, compounds designed for this purpose have yet to reach the clinic (2, 11) . These failures are, at least in part, due to the complexity of the aggregation behavior of Ab42, which involves a series of tightly coupled microscopic steps (12, 13) . Because of this complexity, as recent studies on the kinetics of aggregation have shown, the suppression of fibril formation can have surprising outcomes, in some cases even increasing, rather than decreasing, the concentration of potentially toxic oligomeric species (6) . It is, therefore, of critical importance for the development of effective therapies to design, in a rational manner, molecules capable of acting selectively on the critical steps of formation of the toxic species in the aggregation process (6) .
Over the past decade, increasing evidence has implicated prefibrillar oligomeric species, rather than mature amyloid fibrils, as the major agents responsible for cellular toxicity in AD and similar pathologies (14) (15) (16) (17) (18) (19) . Recently, major advances in understanding the molecular mechanisms underlying the formation by Ab42 of such toxic species have been made (13) . In particular, it has been shown that, once a small but critical concentration of aggregates has formed through the selfassembly of Ab42 monomers as a result of primary nucleation events, surface-catalyzed secondary nucleation becomes important because the surfaces of existing fibrils can catalyze the generation of new oligomeric species (13) . These oligomers can then grow and convert into additional fibrils, thus providing a positive feedback mechanism that results in rapid aggregate proliferation (13) . A consequence of this mechanism is that compounds capable of selectively interfering with either the primary nucleation or the surface-catalyzed secondary nucleation of Ab42 have the potential to suppress the formation of aggregated forms of Ab42. Molecular chaperones (20, 21) and carefully selected small molecules (22, 23) have been shown to be able to act in this manner.
Here, we extend this strategy to antibodies with an aim of using them against AD by directly affecting different microscopic steps in Ab42 aggregation. This goal is inspired by the view that antibodies, which can be obtained with well-established methods such as immunization or phage and associated display methods against a wide variety of targets (24) (25) (26) (27) (28) (29) , can have wide applicability in diagnostics and therapeutics because of their high target selectivity (30) (31) (32) (33) (34) . In particular, a traditional and generally effective therapeutic approach of using antibodies is active immunotherapy, which consists of boosting our natural immune defense by the administration of harmless versions of the pathogenic agents (35, 36) . This approach, which represents one of the most promising strategies against cancer (35, 37) , is currently being explored for the treatment of AD, although with difficulties in balancing the immune response while maintaining efficacy (7) (8) (9) . Here, we adopt a different approach, as we use antibodies as compounds that directly inhibit the aggregation process of Ab42.
To exploit the exceptional versatility of antibodies in molecular recognition, we apply a recently developed method for the rational design of single-domain antibodies to specifically bind disordered or otherwise solvent-exposed linear epitopes within a target protein (38, 39) . These antibodies tend to preferentially bind the target epitope when the protein is in the aggregated rather than in the monomeric conformation (38) , probably because of entropic effects due to the preorganization of the epitope in the aggregated state. We thus generate here a small panel of five human single-domain antibodies (Fig. 1 ) that are rationally designed to bind Ab42; we call these antibodies DesAbs ("designed antibodies"). Each DesAb in the panel is designed to target one epitope within the peptide, with consecutive epitopes being selected to achieve close to full coverage of the Ab42 sequence; we refer to this procedure as "antibody scanning." This procedure is related to the recently proposed epitope mapping method (40) but differs from it because the antibodies that we describe here are designed rationally, rather than being polyclonal antibodies obtained with immunization techniques.
By combining highly reproducible fluorescence-based aggregation assays with a chemical kinetics framework for protein aggregation analysis (12, 41) , we investigate the mechanism of inhibition of Ab42 aggregation by the five DesAbs in the antibody scanning panel that we produced. This approach does not require previous knowledge of the elusive structures of the toxic species of Ab42 and could represent a highly sensitive method for the quantitative detection of the effects of potential therapeutic molecules on the microscopic processes that underlie protein aggregation (6, 20, 23) . Furthermore, because of the low binding affinity that is often observed in the interactions with disordered proteins such as Ab42, conventional experimental methods, which have been largely developed in the context of enzyme inhibition, remain challenging for the study of the inhibition of protein aggregation (6) . By contrast, the approach that we adopt here is based on chemical kinetics and does not require tight binding between a therapeutic molecule and an aggregation-prone protein in its monomeric conformation (6) . Thus, even relatively low (micromolar) affinity binding to the monomeric forms of the target protein can result in large effects on its aggregation behavior (42) . These effects can be achieved by a specific binding to aggregates (6) or by a type of binding to monomers that perturbs the populations of their different conformations by decreasing those that are able to nucleate and aggregate (43) . Using this strategy, we identify two stable DesAbs of potential therapeutic interest. The first, DesAb [18] [19] [20] [21] [22] [23] [24] [25] , is designed to bind to the central region of Ab42 (residues 18 to 25: VFFAEDVG), and the second, DesAb [29] [30] [31] [32] [33] [34] [35] [36] , is designed to bind to the C-terminal region of Ab42 (residues 29 to 36: GAIIGLMV). We find that DesAb [18] [19] [20] [21] [22] [23] [24] [25] and DesAb [29] [30] [31] [32] [33] [34] [35] [36] are able to selectively inhibit the primary and the surface-catalyzed secondary nucleation of Ab42, respectively, and to consistently suppress the Ab42-mediated toxicity in a Caenorhabditis elegans model.
RESULTS AND DISCUSSION
Generation of an antibody panel against Ab42 using antibody scanning In this section, we describe an antibody scanning procedure for the rapid in silico generation of antibody libraries. We applied this procedure to Ab42 to obtain a pool of antibodies that are capable of binding different epitopes along the sequence of this peptide. From this pool, we then identified those that are capable of selectively inhibiting specific microscopic steps in the Ab42 aggregation process.
The method developed in this study is designed to generate a small panel of antibodies that carry complementary-determining regions (CDRs) rationally designed in silico to target different linear epitopes that systematically cover the whole sequence of Ab42. Using this method, we can replace library generation, biopanning, and amplification steps of standard in vitro technologies (29, 44 ) with a fast computational procedure, focusing the experimental efforts exclusively on functional screening. Specifically, for each target linear epitope along the sequence of Ab42 (Fig. 1) , we perform the following steps: (i) We run the cascade method (38) of designing complementary peptides binding to the target sequence; (ii) we select the most promising peptide by using the scores from the cascade methods itself, which are related to the predicted binding (38) , as well as the predicted solubility calculated using the CamSol method (performing these two steps takes only a few minutes on a standard laptop) (45) ; and (iii) we then graft the selected complementary peptide onto the CDR3 of a human V H (variable region of immunoglobulin heavy chain) domain antibody scaffold, which has previously been shown to be stable and highly tolerant to the replacement of the CDR3 loop (46, 47) . The designed peptides are reported in Table 1 .
Characterization of the binding of the DesAbs to Ab42
All the rationally designed DesAb variants were expressed in Escherichia coli and purified, as previously reported ( fig. S1 ) (45) . The five different single-domain antibodies are named DesAb 3-9 , DesAb [13] [14] [15] [16] [17] [18] [19] , DesAb [18] [19] [20] [21] [22] [23] [24] [25] , DesAb [29] [30] [31] [32] [33] [34] [35] [36] , and DesAb [36] [37] [38] [39] [40] [41] [42] , where the subscript identifies the region of the Ab42 sequence where the antibody is designed to bind (Table 1) . Circular dichroism (CD) spectroscopy revealed that all DesAbs have a secondary structure content compatible with the native conformation of a V H domain ( Fig. 2A) . Furthermore, no differences were detected between the thermal stability of the DesAbs and the original V H scaffold, as reported in the literature (Fig. 2, A and B) (48) . These results indicate that the grafting procedure that we used does not produce significant changes in the structure and stability of the original single-domain antibody.
Biolayer interferometry (BLI) (see Materials and Methods) using streptavidin (SA) biosensor tips coated with N-terminal biotinylated Ab42 was used to show that DesAb [13] [14] [15] [16] [17] [18] [19] , DesAb [18] [19] [20] [21] [22] [23] [24] [25] , DesAb [29] [30] [31] [32] [33] [34] [35] [36] , and DesAb [36] [37] [38] [39] [40] [41] [42] bind monomeric Ab42 with a K d (dissociation constant) ranging from 200 to 900 nM (Fig. 2C) . As a control, we verified that a related DesAb that carries a complementary peptide designed to bind a-synuclein does not bind Ab42 in the same assay (Fig. 2C , gray curve). In addition, we also show that the Ab42 DesAbs do not bind a-synuclein ( fig. S2 ). Likewise, in a previous study, we showed that DesAbs designed to bind other amyloidogenic proteins, including DesAb-F (Table 1) , do not bind Ab42, illustrating the specificity of these antibodies (38) . In the case of DesAb [3] [4] [5] [6] [7] [8] [9] , no significant binding signal was detected in this BLI setup, most likely as a result of the close proximity of the target epitope to the surface of the BLI biosensor tip. Therefore, for this DesAb variant, the binding to Ab42 monomers was studied by means of biotin-mediated affinity measurements ( fig. S3 ). Specifically, we incubated DesAb [3] [4] [5] [6] [7] [8] [9] in the presence of different concentrations of N-terminal biotinylated Ab42. The DesAb 3-9 /Ab42 complex formed in solution was then removed by incubating the samples in an enzymelinked immunosorbent assay (ELISA) plate coated with SA. The amount of DesAb 3-9 left in solution was quantified by intrinsic fluorescence measurements, and the corresponding fraction of bound DesAb [3] [4] [5] [6] [7] [8] [9] was plotted as a function of the concentration of Ab42 monomers in the sample ( fig. S3 ). The affinity calculated in this manner (about 100 nM) was consistent with that of the other DesAbs reported above (in the 200 to 900 nM range).
Furthermore, to verify whether or not the DesAbs interact with their respective target regions of the Ab42 sequence, representative binding measurements were carried out on DesAb [18] [19] [20] [21] [22] [23] [24] [25] and DesAb [29] [30] [31] [32] [33] [34] [35] [36] (fig.  S4 ). BLI measurements of DesAb [18] [19] [20] [21] [22] [23] [24] [25] and DesAb [29] [30] [31] [32] [33] [34] [35] [36] were recorded in the presence of the corresponding chemically synthesized target epitopes Ab [18] [19] [20] [21] [22] [23] [24] [25] (Ac-Val-Phe-Phe-Ala-Glu-Asp-Val-Gly-NH 2 ) and Ab [29] [30] [31] [32] [33] [34] [35] [36] (Ac-Gly-Ala-Ile-Ile-Gly-Leu-Met-Val-NH 2 ), respectively (see Materials and Methods). These peptides were the only ones among the target epitopes in the Ab 42 sequence (Fig. 1 ) that had sufficient solubility under the experimental conditions that we used (see Materials and Methods) for such analysis. Our analysis revealed that both antibodies bind their respective target epitopes, as expected ( fig. S4 , A and B). As a control of specificity, we performed a similar BLI experiment by swapping the target epitope peptides (that is, we tested the binding of DesAb [18] [19] [20] [21] [22] [23] [24] [25] with Ab [29] [30] [31] [32] [33] [34] [35] [36] and that of DesAb [29] [30] [31] [32] [33] [34] [35] [36] with Ab [18] [19] [20] [21] [22] [23] [24] [25] ) and, under these conditions, we could not detect significant binding ( fig. S4 , A and B). In the case of DesAb [18] [19] [20] [21] [22] [23] [24] [25] , we further validated the binding region on Ab 42 by performing a competition assay in the presence of DesAb-Ab (which we denote here as DesAb [15] [16] [17] [18] [19] [20] [21] ), a DesAb previously reported to bind the region Ab [15] [16] [17] [18] [19] [20] [21] (38) . To do this, we incubated a fluorescently labeled variant of DesAb [18] [19] [20] [21] [22] [23] [24] [25] , which retains a native-like conformation as assessed by CD ( fig. S4C ), in the presence of an equimolar concentration of N-terminal biotinylated Ab42 and increasing concentrations of DesAb [15] [16] [17] [18] [19] [20] [21] . The A647-DesAb [18] [19] [20] [21] [22] [23] [24] [25] /N-terminal biotinylated Ab42 complex was then isolated by means of an ELISA plate coated with SA (see Materials and Methods), and the unbound A647-DesAb [18] [19] [20] [21] [22] [23] [24] [25] was quantified by fluorescence measurements. As expected, we found that DesAb [15] [16] [17] [18] [19] [20] [21] is able to compete with DesAb [18] [19] [20] [21] [22] [23] [24] [25] for the binding to Ab42 with a median inhibitory concentration (IC 50 ) of 400 nM, which is in the same order of magnitude of the affinity of DesAb [18] [19] [20] [21] [22] [23] [24] [25] for Ab.
We then investigated the ability of the DesAbs to bind aggregated species of Ab42. To do so, we performed biotin-mediated affinity measurements by using fibrils made of N-terminal biotinylated Ab42 (see Fig. 2D and Materials and Methods). We found that some DesAbs show a preferential binding toward fibrillar species. In particular, the K d values of binding of DesAb 3-9 , DesAb [13] [14] [15] [16] [17] [18] [19] , and DesAb 18-25 for Ab42 fibrils are 5, 200, and 500 nM, respectively, 100-, 5-, and 2-fold better than the corresponding values for Ab42 monomers (Fig.  2D) . The other antibodies bind Ab42 fibrils with an affinity worse than that for the monomers, in agreement with the recent report that the central and the C-terminal regions of Ab42 are buried within the fibrils ( Fig. 2D) (48, 49) .
Inhibition by the DesAbs of different microscopic steps in Ab42 aggregation
The formation of amyloid fibrils in vitro can be monitored using fluorescent dyes, such as thioflavin T (ThT), which specifically interact with the stacked b sheet structure of the amyloid fibrils (see Materials and Methods). The development of a protocol to achieve highly reproducible kinetic data, together with the derivation of an analytical solution to the coupled differential equations that govern amyloid growth (12), has allowed the rates of the microscopic processes that underpin the formation of the oligomeric species of Ab42 (Fig. 3A) to be extracted from macroscopic measurements of the aggregation kinetics (13) . In addition, this type of analysis has enabled the study of the mechanisms of inhibition of protein aggregation by candidate therapeutic molecules (6, 23) . This approach consists of measuring ThT fluorescence-based aggregation of Ab42 under reference conditions and monitoring the changes in the aggregation kinetics upon systematic variations of the concentration of a tested inhibitor. The perturbations in the reaction profiles are then analyzed with a kinetic model to identify the mechanisms of aggregation most affected by the interactions of the tested inhibitor with one or more of the species present in the system.
By applying this method, we measured by ThT fluorescence the time evolution of the formation of Ab42 fibrils in the presence of varying concentrations of the different DesAbs. We observed a progressive reduction in the overall rate of aggregation with increasing concentrations of the DesAbs (Fig. 3B) , which shows that all DesAbs designed to bind Ab42 are effective in inhibiting its aggregation, even at substoichiometric concentrations (as low as 1:32 antibody-to-Ab42 monomer ratios). By contrast, the antibody DesAb-F (Table 1) , which showed a strong inhibitory effect on a-synuclein aggregation (38), does not have any detectable effect on the aggregation of Ab42 ( fig. S5 ). Because DesAb-F differs from the antibodies designed to target Ab42 discussed here only in the sequence of the complementary peptide grafted in the CDR3 loop, these results indicate that the inhibitory effects observed on the aggregation of Ab42 specifically originate from the computationally designed peptides (Fig. 3B) .
To identify the microscopic processes involved in the aggregation of Ab42 that are most affected by the interaction with each antibody, we determined the changes in the global parameters k + k n and k + k 2 (where k + , k n , and k 2 are the elongation, primary, and secondary rate constants, respectively) by fitting the aggregation curves with the integrated kinetic laws described above ( fig. S6 ) (6) . In addition, it is particularly important to evaluate the perturbations in the individual microscopic rate constants k + , k n , and k 2 . This information is relevant in the light of the observation that the failure in clinical trials targeting Ab aggregation may have resulted from a general and nonspecific inhibition of the aggregation process, potentially leading to the suppression of the formation of high-molecular weight aggregates at the expenses of an increased number of small toxic oligomers (6) . To evaluate the changes in the individual microscopic processes, we complemented the kinetic data under unseeded conditions by testing the effect of the DesAbs in an assay that specifically probes the elongation of Ab42 fibrils (Fig. 3C) . For this purpose, the DesAbs were introduced in a reaction mixture containing 2 mM monomeric Ab42 supplemented with 0.2 mM preformed fibrils. At this high concentration of fibrils, primary and secondary nucleation events are negligible, and only elongation reactions contribute to the increase in the fibrillar mass. We found that, at a 1:1 antibody-to-Ab42 monomer ratio, DesAb [3] [4] [5] [6] [7] [8] [9] and DesAb [29] [30] [31] [32] [33] [34] [35] [36] do not have any significant effect on Ab42 aggregation kinetics, indicating that they are unable to interfere with the elongation of existing Ab42 fibrils. Instead, the antibodies DesAb [13] [14] [15] [16] [17] [18] [19] , DesAb [18] [19] [20] [21] [22] [23] [24] [25] , and DesAb [36] [37] [38] [39] [40] [41] [42] show a strong effect on the seeded aggregation kinetics (Fig. 3C) . After measuring the changes in k + from the seeded experiments, by considering the decreases in k + k 2 and k + k n evaluated from unseeded aggregations, we were in the position to determine the decreases in the single microscopic rate constant for each DesAb (see Materials and Methods). We found that, in the presence of the singledomain antibodies raised against the N-terminal region of Ab42 (DesAb [3] [4] [5] [6] [7] [8] [9] and DesAb [13] [14] [15] [16] [17] [18] [19] ), both primary and secondary nucleation rate constants were changed by up to two orders of magnitude (Fig. 3D) . These findings are consistent with a recent report that shows that the manipulation of the N terminus of Ab42 affects all the microscopic steps in the aggregation process of this peptide (50) . However, DesAb [18] [19] [20] [21] [22] [23] [24] [25] , which targets the central region of Ab42, mainly affects k n , which again decreases by two orders of magnitude, whereas k 2 decreases by only about 10-fold ( Fig. 3D and Table 2 ). The two antibodies designed to target C-terminal epitopes (DesAb [29] [30] [31] [32] [33] [34] [35] [36] and DesAb [36] [37] [38] [39] [40] [41] [42] ), by contrast, show a preferential inhibition of k 2 , which decreases by about two orders of magnitude, whereas k n remains almost unaffected ( Fig. 3D and Table 2 ).
To determine how the reduction of the rate constants of the different microscopic steps affects the formation of Ab42 oligomers, we estimated the change of the on-pathway oligomeric populations in the presence of the different DesAbs by using the rate constants derived from the kinetic analysis (Fig. 3E) . We found that the antibodies with a strong effect on secondary nucleation were the most effective in inhibiting the formation of these oligomers. In particular, DesAb [29] [30] [31] [32] [33] [34] [35] [36] , which predominantly affects secondary nucleation, was the antibody with the strongest effect by decreasing the number of oligomers by 97%. Strikingly, this decrease is larger than that (90%) caused by DesAb [13] [14] [15] [16] [17] [18] [19] , which has a much more pronounced effect on the overall aggregation process reported by the ThT measurements. By contrast, the decrease (36%) caused by DesAb [36] [37] [38] [39] [40] [41] [42] is much lower than that of DesAb [29] [30] [31] [32] [33] [34] [35] [36] , despite the fact that the overall unseeded aggregation curves look very similar for these two antibodies. These results show how the kinetic analysis used here makes it possible to extract very important-but often hidden-information on on-pathway oligomeric species from macroscopic measurements. Together, these results show that the antibody scanning strategy introduced here is effective for the rapid identification of antibodies that are capable of targeting specific microscopic steps in protein aggregation, without the need for any a priori knowledge about the regions of the peptide or protein that are most important for the self-assembly process.
Rescue by DesAb [18] [19] [20] [21] [22] [23] [24] [25] and DesAb [29] [30] [31] [32] [33] [34] [35] [36] of Ab42-mediated dysfunction in C. elegans As previously discussed, effective therapeutic strategies against AD that focus on inhibiting Ab42 aggregation are likely to require the targeting of specific nucleation processes, instead of simply suppressing the formation of high-molecular weight aggregates (6) . In the previous section, we have shown that DesAb [18] [19] [20] [21] [22] [23] [24] [25] and DesAb [29] [30] [31] [32] [33] [34] [35] [36] have specific effects on the primary and the secondary nucleation rate constants, respectively. In particular, DesAb [29] [30] [31] [32] [33] [34] [35] [36] almost exclusively affects the secondary nucleation rate, without any detectable effect on the elongation of existing Ab42 fibrils (Fig. 3 , C and D, and Table 2 ).
To test the effects of the antibodies on the formation of Ab42 aggregates in vivo, we used a C. elegans model of Ab42-mediated dysfunction, denoted GMC101, in which human Ab42 is expressed in body wall muscle cells where it forms aggregates and results in severe age-progressive paralysis (51) . Specifically, the effects of the administration of the antibodies observed using this worm model were compared to those observed in control worms (N2, wild type), which do not express Ab42 (see Materials and Methods) . To analyze the effects of the two DesAbs on the toxicity of Ab42 in worms, we developed a protocol for the transduction of native proteins into living worms based on a commercially available reagent for lipid-mediated transduction of macromolecules into mammalian cells (see Materials and Methods). The effectiveness of the procedure was first tested by administering 20 mM mCherry fluorescent protein encapsulated into the lipid vesicles of the reagent into control worms as suspensions in a MES buffer solution (see Materials and Methods). A confocal microscopy analysis performed after 4 hours of incubation revealed the presence of the specific fluorescence of mCherry ( fig. S7 ), thus indicating that mCherry is delivered effectively into the cells and has retained the native conformation.
We then performed the same protocol using lipid vesicles into which each of the two DesAbs was encapsulated at a concentration of 20 mM and measured the frequency and amplitude of the body bends, which are indicative of the state of the muscle cells and of the overall viability of the worms (Fig. 4) . We administered the antibodies at different stages of adulthood to test their effects at different phases of the aggregation process in vivo. The expectation from the in vitro results is that the antibody that inhibits primary nucleation should be most effective in an early administration, whereas that inhibiting secondary nucleation should be most effective in a late administration. Therefore, in one experiment, the DesAbs were administered at days 1 and 3, whereas in another experiment, the DesAbs were administered only at day 6. Phenotypic differences were screened at day 7 in both cases. To correct for secondary effects of the treatments on the fitness of the worms (as, for example, an improvement of motility as a consequence of the metabolism of the lipid molecules of the vesicles), Ab42 and control worms were treated with empty vesicles and compared with worms treated with the same numbers of antibody-filled vesicles.
In the presence of both antibodies, the frequency of the body bends, their amplitude, and the viability of Ab42 worms increase significantly (Fig. 4 and fig. S8 ; movies S1 to S7 illustrate the effects of the treatment). In particular, the antibody DesAb [29] [30] [31] [32] [33] [34] [35] [36] that inhibits secondary nucleation shows a substantial effect on all the three measured parameters when administered at day 6 and produces an almost full recovery of the pathological phenotype (Fig. 4) . The administration at day 6 of DesAb [18] [19] [20] [21] [22] [23] [24] [25] , which inhibits primary nucleation in vitro, also induces an improvement of the phenotype, but to a significantly lower level than that observed for DesAb [29] [30] [31] [32] [33] [34] [35] [36] . By contrast, the effect of DesAb 18-25 is much larger upon early administration at days 1 and 3, compared to late administration, in line with the in vitro findings that a primary nucleation inhibitor loses its efficacy once a sizeable amount of aggregates have formed. As a further control, following the administration at days 1 and 3, we also screened the viability of the worms at day 4 and obtained very similar results to those from the screening at day 7, as discussed above ( fig. S9) . Notably, no significant effects on the measured phenotypic parameters were observed following the administration of the DesAbs to the control worms ( fig. S10) or to a worm model of a-synuclein-mediated toxicity (OW40) (fig. S11A ). In addition, no significant effects were detected upon the administration of DesAb-F to the Ab42 worms ( fig. S11B) . Together, these results illustrate the efficacy of our strategy. Finally, fluorescence imaging using the amyloid-specific probe NIAD-4 (see Materials and Methods) shows that the treatments using the DesAbs have a direct effect on the amount of Ab42 aggregates in the worms (fig. S12) .
Together, these results show that the administration of both antibodies has a beneficial effect in a C. elegans model of Ab42-mediated dysfunction. Furthermore, the antibody-specific inhibition of Ab42 toxicity observed in vivo is consistent with the different effects that the two antibodies have on the microscopic processes in vitro. In particular, DesAb [18] [19] [20] [21] [22] [23] [24] [25] preferentially affects primary nucleation in vitro, which is the critical process of formation of oligomers at early stages of the aggregation process of Ab42 (13) . In agreement with this observation, we have found that DesAb 18-25 is most effective when administered at the onset of the disease when the worms are still relatively young. Similarly, DesAb 29-36 is a potent inhibitor of secondary nucleation in vitro and suppresses the effects of Ab42 aggregation most effectively in vivo when administered at late stages of the worm maturation. This result is in agreement with the in vitro observation that secondary nucleation becomes the predominant mechanism of generation of Ab42 oligomers once a critical mass of aggregates has been formed (13) , which happens later on in the maturation of the worms.
CONCLUSIONS
We have described an antibody scanning strategy for the rapid production of small antibody libraries with full coverage of given target proteins. Because this strategy is based on rational design, the resulting libraries can be of very small size, which makes them particularly amenable to quantitative screening procedures. We have illustrated the efficacy of this approach by generating a pool of antibodies designed to scan the sequence of Ab42 and then by using kinetic methods to test the ability of these antibodies to inhibit specific microscopic steps in Ab42 aggregation. This analysis has revealed that all DesAbs have significant effects on Ab42 aggregation in vitro, and it has allowed us to identify two antibodies that target, respectively, the primary and secondary nucleation of the aggregation process with high selectivity. We have then confirmed that these in vitro results are fully consistent with the effects of the two antibodies in vivo using a C. elegans model of Ab42-mediated toxicity.
A particularly important aspect of the antibody scanning approach that we have presented is that to design the antibody panel and to identify the most effective antibodies, we did not exploit any a priori knowledge about the structures of the aggregates or about the sequence regions that are most important in determining their formation. The only information that we have used concerned solely the amino acid sequence of Ab42. Although we have illustrated here the antibody scanning technique by primarily addressing kinetic questions, namely, to identify antibodies that are capable of interfering with specific microscopic steps in the aggregation of Ab42, in principle it should also be possible to use them to obtain insights into the structural properties of Ab42 monomers, oligomers, and fibrils. However, Table 2 . Changes in the microscopic rate constants in Ab42 aggregation in the presence of the different DesAbs used in this work (elongation, k + ; primary nucleation, k n ; and secondary nucleation, k 2 ). 
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these structural studies are complicated by the possibility that the conformational properties of Ab42 may be affected by the binding of the antibodies. For example, a specific insight that we can already obtain from the present results is that DesAb [29] [30] [31] [32] [33] [34] [35] [36] , which inhibits secondary nucleation, is likely to do so by interacting with secondary oligomers, rather than with the fibril surfaces, because its epitope is not exposed in the two recently reported structures of Ab42 fibrils (48, 49) . We anticipate that the strategy that we have introduced may find applications for the effective rational identification of a wide range of candidate protein therapeutics against neurodegenerative diseases. More generally, we may also expect that the antibody scanning method will help the functional characterization of proteins by monitoring the changes in their activity when specific regions of their sequences are bound to the corresponding antibodies.
MATERIALS AND METHODS

Design of the antibodies
We summarize here the computational method that we have developed for the identification of complementary peptides that bind to specific linear epitopes in target proteins of interest, which we have grafted onto the CDR loops of domain antibodies. A detailed description of the method is provided by Sormanni et al. (38) , together with additional experimental validation. The complementary peptide design procedure consisted of two steps. First, given a target linear epitope, we collected from the Protein Data Bank (PDB) all protein fragments that face in a b strand any subsequence of at least three residues in which the target epitope can be fragmented. Second, complementary peptides predicted to bind the target epitope were built by merging together these fragments using a "cascade method." In essence, this cascade method started from one of these fragments and extended it to the length of the target epitope by linking it to some of the others. Fragments were linked using three rules: (i) Fragments can be joined together only if found in b strands of the same type (that is, parallel or antiparallel), (ii) all fragments making up a complementary peptide must partly overlap with their neighboring fragments, and (iii) the overlapping regions must be identical both in the sequence and in the backbone hydrogen-bond pattern that is extracted from the b strand where each fragment is found.
Because the identification of the complementary peptides is based on the analysis of amino acid sequences facing each other in b strands in the PDB, the interaction with the target sequence is already shown to be viable in a biological context. In addition, given this design strategy, the resulting complementary peptides are expected to bind the target epitope by enforcing a b strand-like conformation. Therefore, these complementary peptides will be particularly effective in binding to solvent-exposed regions of protein sequences that do not form persistent hydrogen bonds with other parts of the protein molecule, such as in the case of disordered regions (38) .
Protein expression and purification
The various complementary peptides were grafted into the CDR3 loop of the DesAb scaffold by means of mutagenic polymerase chain reaction with phosphorylated oligonucleotides (38) . The different DesAb constructs were then expressed and purified using pRSET-B vector in E. coli Rosetta-gami 2 (DE3) (Merck Millipore), as previously described (38) . Cells were grown for 15 hours at 30°C using Overnight Express Instant TB Medium (Merck Millipore) supplemented with ampicillin (100 mg/ml). Cells were harvested by centrifugation; resuspended in 8 mM Na 2 HPO 4 , 15 mM KH 2 PO 4 , 137 mM NaCl, and 3 mM KCl (pH 7.3) [phosphate-buffered saline (PBS)] with the addition of one EDTA-Free Complete Protease Inhibitor Cocktail Tablet (Roche) per 500 ml of cell growth; and lysed using sonication. Cell debris was removed using centrifugation at 15,000 rpm (JA-20 rotor, Beckman Coulter). The cleared lysate was loaded onto a Ni 2+ -NTA Superflow column (Qiagen), previously equilibrated with PBS containing 10 mM imidazole. After washing with PBS containing 40 mM imidazole, the His-tagged DesAbs were eluted with PBS containing 200 mM imidazole and dialyzed extensively against PBS. For all the protein variants used in this study, protein concentration was determined by absorbance measurement at 280 nm using theoretical extinction coefficients calculated with ExPASy ProtParam (52) . Ab42 peptides were expressed in E. coli BL21 (DE3) Gold Strain (Agilent Technologies) and purified, as described previously (13) . Aliquots of purified Ab42 were lyophilized and stored at −80°C.
Circular dichroism
Far-ultraviolet (UV) CD spectra of the DesAbs were recorded using a Jasco J-810 spectropolarimeter equipped with a Peltier holder, using a 0.1-cm-pathlength cuvette. Samples contained 10 mM protein in PBS. The far-UV CD spectra of all DesAbs were recorded from 200 to 250 nm at 20°C, and the spectrum of the buffer was systematically subtracted from the spectra of all DesAbs.
The structural stability of the DesAbs was analyzed by monitoring the CD signal at 207 nm from 20°to 98°C at a rate of 0.5°C min . Data points were acquired every 0.1°C with a bandwidth of 1 nm. Analysis of the thermal unfolding curves was performed, assuming a two-state unfolding model.
BLI measurements
The binding between the various DesAbs and monomeric Ab42 was assayed by means of BLI experiments with a ForteBio Octet RED96 (Pall ForteBio LLC). Specifically, SA biosensor tips were coated with monomeric N-terminal biotinylated Ab42 (AnaSpec) by incubation in peptide solution (15 mg/ml) for 10 s and then blocked in PBS, 0.1% bovine serum albumin (BSA), and 0.05% Tween 20 for 15 min.
The binding between the immobilized Ab42 peptide and the DesAbs was monitored in the presence of 5 mM antibody solution in PBS, 0.1% BSA, and 0.02% Tween 20 for 250 s. Then, the dissociation of the DesAbs was monitored in PBS, 0.1% BSA, and 0.05% Tween 20 for 250 s.
The binding of DesAb [18] [19] [20] [21] [22] [23] [24] [25] and DesAb [29] [30] [31] [32] [33] [34] [35] [36] to the target peptides (ChinaPeptides) Ab 18-25 (Ac-Val-Phe-Phe-Ala-Glu-Asp-Val-Gly-NH 2 ) and Ab [29] [30] [31] [32] [33] [34] [35] [36] (Ac-Gly-Ala-Ile-Ile-Gly-Leu-Met-Val-NH 2 ), respectively, was analyzed as follows: Ni-NTA biosensor tips were coated with DesAb [18] [19] [20] [21] [22] [23] [24] [25] or DesAb [29] [30] [31] [32] [33] [34] [35] [36] by incubation in an antibody solution (15 mg/ml) for 10 s. DesAb [18] [19] [20] [21] [22] [23] [24] [25] or DesAb [29] [30] [31] [32] [33] [34] [35] [36] association and dissociation with 6 and 20 mM peptide, respectively, were monitored in PBS, 1% BSA, and 0.05% Tween 20. As a control of specificity, the binding of DesAb [18] [19] [20] [21] [22] [23] [24] [25] to Ab [29] [30] [31] [32] [33] [34] [35] [36] and that of DesAb [29] [30] [31] [32] [33] [34] [35] [36] to Ab [18] [19] [20] [21] [22] [23] [24] [25] were also tested.
The binding of the different DesAbs to monomeric a-synuclein was analyzed as follows: Ni-NTA biosensor tips were coated with the DesAbs by incubation in an antibody solution (15 mg/ml) for 10 s. The association and dissociation between the immobilized DesAbs and 20 mM a-synuclein were monitored for 300 s in PBS, 1% BSA, and 0.05% Tween 20. In all cases, the binding curves were corrected by subtracting nonspecific binding to the biosensor tips.
Biotin-mediated affinity measurements and fluorescence competition assay Samples containing 2 mM DesAbs and increasing concentration of monomeric or fibrillar N-terminal biotinylated Ab42 (0, 0.1, 0.2, 0.4, 0.8, 1.6, 3.2, 6.4, and 12.8 mM) were incubated overnight at room temperature. The DesAb/biotinylated Ab42 complex was then isolated from the solution by incubating the 1:1000 diluted samples in an ELISA plate (Thermo Fisher Scientific), which was previously coated with 50 ng of Alexa 488-streptavidin (Thermo Fisher Scientific) and blocked with 10% (w/v) BSA in PBS (BSA/PBS) overnight at 4°C, following six times washing with PBS. The uniformity of the coating reaction was verified by measuring the fluorescence of Alexa 488 in each well using a CLARIOstar plate reader (BMG Labtech) ( fig. S3 ).
Samples were then removed from the plate, and the DesAb left in the solution was quantified by measuring the maximal intrinsic fluorescence between 300 and 400 nm (≈350 nm) upon excitation at 285 nm. The concentrations of DesAbs and Ab42 and the excitation and the emission wavelengths used for the analysis were selected to attenuate possible artifacts due to the high sensitivity of tryptophans to small environmental changes in general and to minimize the contribution of the only tyrosine of Ab42 to the intrinsic fluorescence measurements ( fig. S13 ). The decrease in fluorescence signal was plotted as a function of Ab42 concentration and analyzed assuming single-site binding using
where Q L is the fraction of bound ligand, DF is the decrease in fluorescence intensity observed at a given concentration of DesAb, DF max is the maximal decrease in fluorescence at saturation, L T and P T are the total ligand and protein concentrations, respectively, and K d is the apparent dissociation constant of the complex. according to the manufacturer's instructions. The conformation of the antibody after the labeling reaction was assessed by CD using the same protocol described in the "Circular dichroism" section ( fig. S4C ). Samples containing 50 nM monomeric N-terminal biotinylated Ab42 and 50 nM Alexa 647-DesAb [18] [19] [20] [21] [22] [23] [24] [25] were incubated in the presence of increasing concentrations of DesAb [15] [16] [17] [18] [19] [20] [21] (0, 100, 200, 400, 800, and 1600 nM) for 2 hours at room temperature. The Alexa 647-DesAb 18-25 /biotinylated Ab42 complex was then isolated from the solution by incubating the samples in an ELISA plate (Thermo Fisher Scientific) previously coated with 50 ng per well of Alexa 488-streptavidin (Thermo Fisher Scientific), as described above. After incubation, the samples were transferred in a second plate and the unbound Alexa 647-DesAb 18-25 left in the solution was quantified by measuring the fluorescence of Alexa 647 of each well using a CLARIOstar plate reader (BMG Labtech). The same procedure was applied for samples in which biotinylated Ab42 was not present and the fluorescence value obtained from these samples was assumed to be the fluorescence of 100% unbound Alexa 647-DesAb [18] [19] [20] [21] [22] [23] [24] [25] . The fraction of bound Alexa 647-DesAb [18] [19] [20] [21] [22] [23] [24] [25] at each concentration of DesAb [15] [16] [17] [18] [19] [20] [21] was then determined using
where Q L is the fraction of bound ligand (Alexa 647-DesAb [18] [19] [20] [21] [22] [23] [24] [25] ), F BAb is the fluorescence intensity of Alexa 647-DesAb 18-25 of samples containing biotinylated Ab42, and F −BAb is the fluorescence intensity of Alexa 647-DesAb 18-25 of samples in which biotinylated Ab42 was not added, at a given concentration of DesAb [15] [16] [17] [18] [19] [20] [21] . The data were then fitted using an inhibition model with variable slope using the program Prism 6 (GraphPad Software).
Aggregation assays
The lyophilized Ab42 peptide was dissolved in 6 M urea (pH 8.5) and incubated for 30 min at room temperature. This protein solution was then subjected to gel filtration using a Superdex 75 10/300 GL column (GE Healthcare), and the peak corresponding to the monomeric Ab42 peptide was collected in low-binding test tubes (Corning) on ice (13) . Monomeric Ab42 peptides were used to prepare solutions at a protein concentration of 2 mM in the presence of increasing amounts of the specified DesAb variant in 20 mM sodium phosphate buffer (pH 8), 200 mM EDTA, and 0.02% NaN 3 , supplemented with 6 mM ThT (13) . Seeded experiments were performed in the presence of 10% preformed fibrils (23) with a 0:1 or 1:1 antibody-to-Ab42 monomer ratio. Each sample was then pipetted into multiple wells of a 96-well half-area plate of black polystyrene with a clear bottom and polyethylene glycol coating (Corning) (90 ml per well). Plates were sealed to prevent evaporation. Aggregation assays were performed at 37°C under quiescent conditions using a CLARIOstar plate reader (BMG Labtech). The ThT fluorescence was measured through the bottom of the plate every minute with an excitation filter of 440 nm and an emission filter of 480 nm.
Kinetic analysis
The time evolution of the total fibril mass concentration, M(t), in the absence of seeds is described by the following integrated rate law
where the kinetic parameters B ± , C ± , k, k ∞ , andk ∞ are described in detail in the study of Cohen et al. (20) and are functions of the two combinations of the microscopic rate constants k + k 2 and k n k 2 , where k n , k + , and k 2 are the primary nucleation, elongation, and secondary nucleation rate constants, respectively.
The DesAbs can perturb the aggregation process by inhibiting one or more of the individual microscopic reactions. We can identify the microscopic events that are inhibited by the DesAbs by applying the above equation to describe the macroscopic aggregation profiles shown in Fig. 3 and comparing the set of microscopic rate constants k + k 2 and k n k 2 required to describe the time evolution of the fibril formation in the absence and presence of antibody.
The decrease in the parameter k + in the presence of DesAbs was calculated from the seeded experiments. On this purpose, we evaluated the rate of the formation of fibrillar aggregates within the first 10% of monomer conversion, r = 2k + P 0 m, where P 0 is the number of seeds introduced in the system and m is the initial monomer concentration. The relative decrease in the apparent rate constant k + was evaluated by dividing the rate in the presence of DesAbs with the value calculated in their absence. Finally, the decreases in k n and k 2 ( Table 2) were calculated by dividing the decreases in k + k 2 and k + k n ( Table 2 ) obtained under unseeded conditions by the decrease in k + derived from the seeded aggregation profiles.
The perturbation of the different microscopic reaction rates has markedly different effects on the generation of low-molecular weight oligomeric species. To illustrate this behavior, we calculated the time evolution of the rate of generation of new fibrils (via on-pathway oligomers) from monomers according to the nucleation rate r n (t) given by
. Because a negligible amount of oligomers was detectable in the system at the end of the reaction, the total number of fibrils present at the end of the process was indicative of the total number of on-pathway oligomers generated during the reaction. This value was calculated by integrating the nucleation rate r n (t) over the reaction.
Strains of C. elegans
The following strains were used in the present work to assess the effect of the antibodies on the toxicity of Ab42 aggregates:
(1) GMC101; genotype dvIs100 [unc-54p::A-beta-1-42::unc-54 3′-UTR + mtl-2p::GFP]; mtl-2p::GFP constitutively expresses the green fluorescent protein (GFP) in intestinal cells; unc-54p::A-beta-1-42 expresses the human full-length Ab42 peptide in body wall muscle cells. Shifting L4 or young adult animals from 20°to 25°C promotes Ab42 aggregation and causes the paralysis of the worms (51). Propagation conditions of C. elegans C. elegans worms were propagated using standard conditions (53) . Briefly, the animals were synchronized by hypochlorite bleaching, hatched overnight in M9 [KH 2 PO 4 (3 g/liter), Na 2 HPO 4 (6 g/liter), NaCl (5 g/liter), and 1 mM MgSO 4 ] buffer, and subsequently cultured at 20°C on nematode growth medium (NGM) [1 mM CaCl 2 , 1 mM MgSO 4 , cholesterol (5 mg/ml), 250 mM KH 2 PO 4 (pH 6), Bacto agar (17 g/liter), NaCl (3 g/liter), and casein (7.5 g/liter)] plates seeded with the E. coli strain OP50. Saturated cultures of OP50 were grown by inoculating 50 ml of LB medium [Bacto tryptone (10 g/liter), NaCl (10 g/liter), and Bacto yeast extract (5 g/liter)] with OP50 and incubating the culture for 16 hours at 37°C. NGM plates were seeded with bacteria by adding 350 ml of saturated OP50 to each plate and leaving the plates at 20°C for 2 to 3 days. On day 3 after synchronization, the animals were placed on NGM plates containing 5-fluoro-2′deoxyuridine (FUDR) (75 mM, unless stated otherwise) to inhibit the growth of offspring.
Antibody transduction protocol
About 500 C. elegans worms were incubated overnight in M9 with 20 mM of m-cherry protein (ABE3463, Bioscience Lifesciences) and 40 mM of PULSin (PolyPlus-transfection SA) in a final volume of 1 ml. Motility or imaging procedures were carried out 12 hours after transduction. All experiments were carried out in triplicate, and one experiment that is representative of the three measured is shown.
Automated motility assay on agar plates and imaging of the aggregates All C. elegans populations were cultured at 20°C and developmentally synchronized from a 4-hour egg lay. At 64 to 72 hours after egg lay (time zero), individuals were shifted to 24°C and transferred to FUDR plates and body movements were assessed over the times indicated. At different ages, specifically at days 1 and 3 [administration protocol 1 (AP1)] or at day 6 (AP2), the animals were washed off the plates and incubated with 20 mM DesAbs overnight in M9 buffer. At day 7, the worms were spread over an OP50 unseeded 9-cm plate, and their movements were recorded at 30 fps (frames per second) using a novel microscopic setup for 30 s or 1 min. Up to 1000 animals were counted in each experiment, unless stated otherwise. Videos were analyzed using a custom-made tracking code. In the case of the AD1, the worms were also screened at day 4 to assess whether the antibodies lose efficacy at day 7 as a consequence of degradation, which may be significant in the case of experiments involving a long period between administration and screening. The total fitness was calculated by summing the mobility, speed, and viability of the worms. Fingerprint and total fitness values were normalized using the values of the control worms.
To visualize the amount of aggregates in the worms, live transgenic worms at day 9 of adulthood were incubated with 1 mM NIAD-4 (0.1% dimethyl sulfoxide in M9 buffer) for 4 hours at room temperature. After staining, animals were allowed to recover on NGM plates for about 24 hours (day 10 of adulthood) to allow destaining via normal metabolism. Stained animals were mounted on 2% agarose pads containing 40 mM NaN 3 as anesthetic on glass microscope slides for imaging. Images were captured using a Zeiss Axio Observer D1 fluorescence microscope (Carl Zeiss Microscopy GmbH) with a 20× objective and a 49004 ET-CY3/TRITC filter (Chroma Technology Corp.). Fluorescence intensity was calculated using ImageJ software (National Institutes of Health) and then normalized as the corrected total cell fluorescence. Only the head region was considered because of the high background signal in the guts. All experiments were carried out in triplicate, and the data from one representative experiment are shown. Statistical significance was determined using t tests.
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